Corresponding author email: adam.gow@ed.ac.uk O BJECTIVES : To identify whether inter-and intra-operator variability occurs in the measurement of canine packed cell volume and, if so, at which stage these errors occur.
INTRODUCTION
Analysis of packed cell volume (PCV) provides quantitative information regarding the circulating erythroid mass of a patient. It is a rapidly available and inexpensive procedure, and as a result, it is one of the most commonly performed diagnostics in both human and companion animal haematology (Fairbanks & Tefferi 2000 ) . In veterinary medicine, PCV analysis is often performed as part of a "minimum database", with serial samples used to chart trends. Decisions in case management are made based on both absolute results and trending patterns. As deviations in the measurement from the true value may have clinical consequences, it is important that the values obtained are both precise and accurate.
The Clinical and Laboratory Improvement Amendments of 1988 describes the centrifuged PCV as a waived test (Wongkrajang et al. 2012 ) . This is defined as a simple test that carries low risk for an incorrect result being obtained and, as such, can be performed by nurses and medical students.
Sources of inaccuracy in PCV measurement may arise from the pre-and post-analytical stages, such as clot formation in vitro, or incorrect interpretation by the clinician respectively, but the analytical stage in particular contains a number of operatordependent steps. Major sources of error in this section can arise from one of two stages, the preparation of the capillary tubes and measurement of the centrifuged capillary tube. The World Health Organisation (WHO) ( 2000 ) has produced guidelines on performing PCV measurement to ensure both precision and accuracy. The main points stated to reduce error during analysis are adequate mixing of the sample and filling of the microhaematocrit capillary, standardised centrifugation time and force as well as accurate reading.
When preparing the capillaries, sources of error include sedimentation of cell in the collection tube with incomplete mixing, resulting in erroneously high or low values depending on the portion sampled. Problems may also be encountered with the centrifuge itself, resulting in incomplete separation of the blood components. The measurement of the capillary can have errors arising from faulty reading equipment, incorrect placement of capillary within the reader or failure to read the correct value. Therefore, PCV measurement may also be subject to inter-and intra-operator variability.
Variation has been evaluated in a number of practical skills in medicine and laboratory work, such as the measurement of a patient ' s waist circumference in relation to the diagnosis of metabolic syndrome, or inter-observer evaluations of endoscopic lesions, with a focus on the role of experience (Panoulas et al. 2008 , Slovak et al. 2014 . These previous studies have shown agreement that the experience of the operator plays a crucial role, providing results that are more accurate and precise with increased experience.
Previous studies have investigated other factors that may impact the final PCV result. These have included the comparison of glass and plastic haematocrit capillaries, the anticoagulant used in blood tubes or length of time the samples were centrifuged (Goldenfarb et al. 1971 , Wongkrajang et al. 2012 , Tamborini et al. 2014 . However, there have been no studies investigating the effect of inter-and intra-operator variation on PCV measurement.
Aside from evaluating the validity of defining the measurement of PCV as a waived test, assessing if variability in measurement occurs would be useful as this would inform decision-making when serially tracking PCV.
MATERIALS AND METHODS

Participants
The study was approved by the local institution ' s animal ethics committee and use of students in research ethics committee. Veterinary undergraduate students (students) in their final year of study were recruited. These students had previously had a practical class as small groups on PCV measurement in earlier clinical years (details in Appendix 2) using the methodology of this study and had gained experience in the technique during their time on clinics and extramural studies. A second group, consisting of qualified veterinary surgeons (vets) employed within the hospital, was also recruited. All veterinary surgeons were familiar with the methods used in this study.
Sample preparation
Three aliquots of blood were produced from stored packed red cells and canine serum that had been partially used on clinical cases and would otherwise have been discarded. The packed cells had been discarded after partial clinical use and had been stored at 4°C for two months in a dedicated refrigerator. The packed red cells were titrated with serum to give a range of three PCVs [Sample A (low PCV), B (medium PCV) and C (high PCV)]. These large samples were mixed thoroughly and aliquoted into commercial 1-mL Tripotassium Ethylenediaminetetraacetic acid (EDTA) tubes (Tripotassium EDTA Tubes 1·75 mg/mL of blood, Teklab). At least 200 mL of each sample was created such that each participant used full and fresh 1-mL tubes. To allow blinded measurement of the samples in duplicate, identical tubes were labelled as two individual patient identifications: "Jack" and "Meg" (Sample A), "Sam" and "Dave" (Sample B) and "Guy" and "Tom" (Sample C). Three samples from each "patient" were measured by two of the authors (CB/AG) at the beginning and at the end of the study, equating to six samples per "patient" and 12 per large sample.
Equipment
A centrifuge designed for the veterinary market was used in the study (PrO-vet) and was serviced to WHO standards. This centrifuge has an in-built timer, spinning capillaries for 5 minutes, thus removing operator variation in centrifugation time. Before the study, the centrifuge was recorded with a digital tachometer and timer as spinning at 12,007 rpm for 5 minutes. Standard plain micro-haematocrit capillaries and sigillum wax sealant (Hawksley and Sons Ltd) were used in the study. A standard capillary reader (Hawksley and Sons Ltd) was used to read the PCV of the spun capillaries.
Participant instructions
The study was conducted over 2 days with two participants able to undertake the study simultaneously. The participants were provided with the six samples in a polythene bag, a supply of micro-haematocrit capillaries and sealant. Participants were then instructed to perform PCV measurement as they normally would in a clinic. Capillary filling and measurement were performed away from view of other participants. The participants centrifuged all capillaries they had filled at the same time. A blank form was provided to record the sample name and position in the centrifuge to allow accurate sample tracking and measured PCV of the tubes. Use of the micro-haematocrit reader was monitored and source of any obvious reading error recorded.
Errors
Potential errors are listed in Appendix 1. The only errors participants were informed of during the study were if the capillaries had been placed in the centrifuge in the wrong orientation or if the lid was not placed properly before the starting of the centrifuge and this was recorded.
After measurement, capillaries prepared by each participant were examined to ascertain if they had been filled according to WHO guidelines (i.e. 2/3 to 3/4 fill), and also, the PCV of each tube was verified by one of the authors (CB). This allowed identification as to whether discordant results were due to inadequate mixing of the sample before capillary filling with accurate reading of the resultant PCV or due to inaccurate reading. The number of capillaries used per sample was also documented. Where samples were run in duplicate, both tubes were measured by the designated author. If the duplicate tubes were within 0·02 L/L, then the result was recorded as the mean. If the duplicate tubes were discordant by greater than 0·02 L/L, then this was recorded separately.
Statistical analysis
Data were transcribed from the forms into a spreadsheet created in Microsoft Excel. Data were then imported into R statistical system (R Foundation for Statistical Computing). The absolute reading error (in L/L) was plotted for each result in the low, medium and high category. Intra-operator variation was assessed by plotting the absolute difference between PCV measurements of the paired duplicates; this was divided between students and vets. An F test of the equality of two variances was used to compare the variance of the two groups. The desirable coefficient of variation from the true PCV value (intra-dog) as per the current American Society of Veterinary Clinical Pathology (ASVCP) guidelines is 3·2% based on a previous study (Jensen et al. 1998 ) . Thus, for PCV ranging between 0·01 aand 0·60 L/L, this would translate as an error of 0·003 to 0·019 L/L. At the lower range of clinical PCV, this would be imperceptible; therefore, it was decided that a tolerance of 0·02 L/L from the reference mean would be acceptable for clinical decision-making, and this would encompass the ASVCP desirable coefficient of variation for a high PCV. The percentage of results, which were within 0·02 L/L of the reference mean results, were plotted, grouped by students and vets. Binary logistic regression was used to estimate the probability that groups would read a PCV within the 0·02 L/L tolerance. Number of subjects tested was limited by what was logistically available in the hospital.
RESULTS
Sample preparation
The PCVs measured by the authors (AG and CB) at the beginning and end of the study, the reference mean and range of the three aliquots were: A mean 0·115 L/L, range 0·105 to 0·125 L/L (low); B mean 0·28, range 0·27 to 0·29 L/L (medium); and C mean 0·595, range 0·585 to 0·60 L/L (high).
Participants
In total, 44 students and 11 vets performed the task. The vet ' s length of time from qualification ranged from 8 months to 9 years. In total, 327 PCV measurements were recorded from 330 performed. Three capillaries were unable to be read by either the subject or verifier due to underfilling or possibly due to leakage during centrifugation, meaning a value could not be obtained from the reader by the participant or verifying author (CB). One student initially started to prepare the capillary but was subsequently uncomfortable with the technique and withdrew; there were no results to add to the data set.
Errors and inter-and intra-operator variation Potential sources of error are detailed in Appendix 1.
The breakdown of the errors performed is detailed in Table 1 . A total of six capillaries were read by the subjects but were unable to be read by the verifier due to extreme under-or overfilling. As an apparent valid result was recorded by the participant as they would do in a clinical scenario, these were not removed from analysis. A total of 14 students (31·8%) and one vet (9%) filled the capillaries to within WHO recommenda- above the previously measured value; this was in the highest PCV group. A total of 95% of the results were within 0·09 L/L of the mean recorded PCV for the samples. Table 2 shows the percentage of readings that were within ±0·02 L/L of the reference reading. Vets were more likely to be within tolerance compared to students (the odds of vet readings being within tolerance was 1·5 times odds of student reading being within tolerance (P=0·03). Inadequate mixing was determined if the final PCV measurement was incorrect, but the participant had used the reader in the correct manner, that is, reading of the capillary by the author produced the same result as the participants. Of the participants who inaccurately read the capillary, all had correctly centred the capillary with the top of the sealant plug along the bottom line of the reader. However, the most common cause identified was a failure to line up the meniscus at the upper end of the micro-haematocrit capillary along the upper line of the PCV reader. This error was made by all but two participants, who read the measurements incorrectly. This resulted in readings that were erroneously high or low depending on the initial placement of the haematocrit capillary. One student read from the black edge of the mobile portion of the reader, rather than the central white line, while another under-filled the capillaries below the minimal line detectable by the reader and extrapolated a value.
For intra-observer variation, the maximum discrepancy between samples was 0·16 L/L (Fig 2 ) . The intra-pair differences were significantly greater for the students than the vets (F test, P<0·002). This is depicted in Fig 3 . 
DISCUSSION
This study supports the hypothesis that inter-and intra-operator variation does occur in PCV measurement. In addition, intraoperator variation was more evident in students in comparison to the vets, confirming that operator experience is significant.
A total of 11 students had results consistent with inadequate mixing. If the tube had been left unmixed, red blood cells sediment at the base of the tube, while nucleated cells and platelets rise (Flatland et al. 2013 ). This will result in an erroneously high PCV, if sampled from the bottom of the tube, or low, if sampled at the surface.
The majority of the participants (73%) filled the capillaries outwith the WHO guidelines recommended amount of two-thirds to three-quarters. This was most commonly over-filling (69%) rather than under-filling (4%). In theory, increasing capillary fill increases plasma trapping and overestimates the PCV (Tvedten & Weiss 1999 ) . As demonstrated in this study, particularly with the vets, the values measured were largely a true reflection of the source material ' s PCV. It appears in this study that the degree of capillary filling bore little impact on the final measurement. This was consistent across all three source samples. A further, focussed study would be necessary to confirm this, ideally with a wider range of PCVs and centrifuge types used. Three micro-haematocrits, which were unreadable due to under-filling, may have been avoided by correct training and adherence to a standard operating procedure (SOP) detailing the importance of filling volumes.
A total of 11 participants had results consistent with the incorrect use of the micro-haematocrit reader. A study comparing the use of the reader against other methods, such as using a ruler and calculating proportions, would be interesting to assess if the method of measurement affects precision and accuracy.
A total of 41 (90%) students and 7 (63%) vets performed the test singly. WHO guidelines recommend obtaining results in duplicate and to accept the results if the difference between the two samples is no greater than 0·005 L/L (World Health Organisation 2000 ) . This provides an intrinsic quality control. This study identified that none of the samples tested in duplicate or triplicate were discordant by more than 0·02 L/L, which is much less variation than was seen in the blinded duplicates. It is possible that those adhering to this aspect of WHO guidelines also performed the rest of the methodology correctly and arrived at a more precise and accurate result. Equally, as the tests were known to be duplicates by the subjects, this may introduce bias to provide concordant values for the readings. As many of the errors were introduced using the reader, it is also possible that duplicates may have been read identically. As only a minority of subjects performed duplicates, it is not possible to define which of these was the case.
The sample size of vets, in comparison to students, was much smaller and an increase in the number of vets recruited would improve the power of the study to detect a difference in variation due to the experience of the operator.
All subjects in this study would be expected to be able to accurately perform PCV measurement without further instruction. The mean absolute error was lower in the vet group compared with the students, but this difference was not statistically significant. The present study suggests that further training may be appropriate in the teaching of future clinicians to ensure they are able to perform the test accurately and precisely. This could be augmented by the institution of a SOP, although its efficacy must first be ascertained. A further study to test the effectiveness adhering to a written SOP for PCV measurement in minimising variation in intra-and inter-operator accuracy and precision would be useful. If an effective SOP was found, then simply following this protocol may improve the results of PCV measurement. If the efficacy of this approach was confirmed, it would allow the interpretation of trends to be performed more reliably by reducing the variation between operators.
This study is likely to underestimate the potential variation in PCV measurement; the type of centrifuge used precluded operator variation in time of centrifugation. Another limitation of this study was that to obtain sufficient volume, the sample was created from expired packed red blood cells and serum and, as such, would be deficient in platelets and white blood cells. Without these components, a significant buffy coat would not be present. One possible source of error in manual PCV measurement is including the buffy coat in the red cell column measurement. Thus, this source of variation was not present. Furthermore, as only the analytical variation was examined, pre-analytical factors such as clot formation in vitro would also be expected to increase total variation.
In addition, many factors may cause variation in erythrocyte mass within an individual, for example, response to the circadian rhythm has been investigated with a difference of up to 5% identified depending on the time of sampling (Kimura et al. 2009 ). Change in erythrocyte size due to osmosis from fluctuations in plasma glucose concentrations resulting in alterations in PCV measurement has also been demonstrated in human medicine (Banfi & Germagnoli 2008 ) . In veterinary medicine, plasma glucose concentrations can vary dramatically, as is evident in cats demonstrating stress hyperglycaemia, and this may also have an impact on PCV measurement and the reliability in the assessment of trends. Additionally, osmotically derived changes can occur due to under or over-filling the EDTA tube. Liquid EDTA can modify cell concentration, especially if the tube is under-filled ( Cornbleet, 1983 ) .
These sources of pre-analytical variation only go on to further confirm that there are many sources of variation in PCV measurement. It is therefore crucial that sources of error are identified and, where possible, minimised effectively and efficiently. From this data, it appears that there is significant inter-and intraoperator variation in the analytical stage of PCV measurement, and this should be taken into account when evaluating PCV for clinical decision-making.
